Background. Recurrent urinary tract infections (UTIs) are a common problem among women. However, comparative effectiveness strategies for managing recurrent UTIs are lacking.
Urinary tract infections (UTIs) are a common problem among women. It has been estimated that 10%-13% of women experience a UTI annually with a lifetime risk of UTI of >50% [1, 2] . In the United States, UTIs result in >6 million outpatient visits [3] and 479 000 hospitalizations annually [4] . The associated annual societal cost of UTI treatment has been estimated to exceed $2.47 billion annually [2] . UTIs also impact quality of life. Women suffering from UTIs report pain, restriction of work and school, and bed rest as a result of these infections [5] Recurrent UTIs are a common problem seen in clinical practice [6] [7] [8] . After an initial UTI, approximately 20%-30% of women with a UTI will have a second UTI within 6 months and 3% will experience a third UTI during that time period [6] . There are several strategies used for the management of recurrent UTIs that include antibiotic prophylaxis, acupuncture, estrogens, and cranberry products [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Additionally, several studies have examined symptomatic self-treatment, that is, having a woman self-diagnose a UTI and subsequently self-treat [26] [27] [28] .
It is unclear which strategies are optimal to manage women with recurrent UTIs. There have been no data syntheses of management strategies. To address the comparative effectiveness of managing recurrent UTIs in women, we performed a decision analysis comparing the effectiveness, cost, and healthrelated quality-of-life (HRQOL) outcomes associated with commonly used strategies for management of recurrent UTIs.
METHODS
For our investigation, we used a Markov decision analysis to evaluate the effectiveness of 5 strategies to prevent recurrent UTIs. We chose only strategies in which there were ≥2 clinical trials in the published literature. For each strategy, we used a Monte Carlo simulation of a cohort of subjects.
We measured several outcomes for each strategy: (1) number of UTIs per year; (2) annual cost from the payer's (ie, health plan's) perspective; (3) annual cost from the patient's perspective; and (4) quality-adjusted life-days (QALDs). This last metric was used instead of the traditional quality-adjusted lifeyears (QALYs), as the Markov model's unit measure of time was 1 day. A QALD was defined as a QALY divided by 365. We also measured cost-effectiveness, defined as the cost per QALY gained [29] . The decision analysis model was conducted using DATA version 4.0 (TreeAge Software, Williamstown, Massachusetts).
Systematic Literature Review
To obtain information on clinical outcomes and cost of prevention of recurrent UTIs, a systematic review of the literature was performed. Medline was searched for articles from 1966 to January 2012 with the following keywords: (1) recurrent [recur*], (2) urine or urinary [urin*], and (3) infectious or infection(s) [infectious, infection*]. The search was limited to the English language and human research. Identical systematic searches were conducted using Embase and Cochrane Library databases.
Two reviewers (from among K.B., S.J.E., J.A.M., and L.G.M.) assessed each abstract. If both reviewers believed an abstract might contain data on the recurrent UTI management or was a review article that may reference such data, the article was pulled for review. If the reviewers differed in assessment, a third reviewer served as a tiebreaker. Reference lists of retrieved articles were also reviewed to find additional studies. The inclusion criteria for an article to be reviewed included all of the following: (1) The study population was comprised of adult nonpregnant female subjects; (2) the study population had ≥3 UTIs per year; and (3) the study was a comparative clinical trial using either an untreated control group or a preintervention and postintervention comparison of UTI incidence.
UTI incidence reduction was obtained only from articles presenting original data not published elsewhere. From each article, the risk reduction was calculated by comparing the prevention strategy to the nontreated or the preintervention UTI group. A mean risk reduction weighted by study sample size was calculated for each strategy.
Markov Model
Our Markov model assumed that each day, a patient is always in 1 health state (Figure 1) . A Monte Carlo evaluation of this Markov model was used to determine the outcomes of 10 000 independent persons undergoing each intervention and a sixth cohort that underwent no intervention. During each day of the Markov cycle, a patient may transition from one state to another, as determined by transition probabilities. Each simulation generated a cumulative cost and a QALD score for each individual. From each cohort, mean costs, cost-effectiveness, and QALD were calculated.
Model Structure
The model assumed that each cohort was participating in each strategy for 1 year and that patients in the no intervention strategy cohort had a daily UTI risk that resulted in a mean of 3 UTIs/year. We also performed a secondary model that assumed that persons suffered from a higher UTI rate ( The model assumed that each UTI would ultimately resolve in cure after antibiotic treatment (Figure 1 ). In the model, if during the day (Markov cycle period), the woman did not develop UTI symptoms, she would not receive any treatment (Figure 1 ). If on a given day a patient developed UTI symptoms, the model assumed the patient would visit a clinician in the outpatient setting (unless she was in the symptomatic self-treatment cohort). The events that would occur upon presentation to care for UTI symptoms were based upon previous decision analysis models of acute UTIs [30] [31] [32] . A proportion of women with UTI symptoms would have cystitis whereas others would present with pyelonephritis [33, 34] ; a proportion of those in the latter group would require hospitalization [35] [36] [37] Those not hospitalized for pyelonephritis were treated on an outpatient basis with 10 days of an oral fluoroquinolone [33, 34, 38, 39] .
Upon outpatient presentation for cystitis, the patient was diagnosed with a UTI and given a prescription for ciprofloxacin for 7 days. A proportion of patients would have urinalysis sent by their physician [40] (Figure 1 ). For patients with UTI symptoms and a urinalysis performed, there was a probability of having a UTI, sexually transmitted infection (STI), or vaginitis [41, 42] , and a proportion of patients who did not actually have a UTI were instead diagnosed with one of the latter 2 diagnoses [41, 42] . We modeled a common complication of treatment, specifically candidal vaginitis [41, 42] . A proportion of patients with a UTI present would be cured with the initial antibiotic course. The remaining women would have an uncured UTI and would return to the outpatient clinic resulting in a diagnosis of either pyelonephritis or persistent infection. Patients with a persistent infection were prescribed a prolonged course of antibiotics or received intramuscular ceftriaxone or gentamicin [43] [44] [45] [46] [47] [48] .
Cost Analyses
We performed cost analyses from the program perspective and the patient perspective. Our model assumed that treatment costs were borne by the healthcare payer (ie, insurance company) except for copays. The model assumed that the patient bore the cost of cranberry pills and acupuncture treatment.
Hospitalization costs were derived from a national survey and incorporated the mean daily cost of hospitalization from the American Hospital Association [49] . Costs of physician visits were derived from the literature and from physician payment schedules available from the Centers for Medicare and Medicaid Services [50] [51] [52] [53] . For the cost of outpatient pyelonephritis treatment, it was assumed that ciprofloxacin 500 mg twice daily was used as therapy. Costs of urinalysis, urine culture, vaginal smear, and STI testing were calculated as an average cost from ≥3 major commercial and state laboratories [32] . The cost of self-treatment for vaginal yeast infection was calculated from a survey of prices for over-the-counter antifungal products available from 3 major national pharmacy stores [32] . All costs were calculated in 2010 US dollars.
Annual cost from the patient perspective was determined by choosing the mean cost to the cohort for each intervention. The model assumed that each physician visit required a $25 copay, and that medications required a $10 copay per prescription. Daily cranberry pill cost was calculated based on a survey of all available cranberry products offered by 8 major national pharmacy stores. The cost of monthly acupuncture sessions was determined by calculating the average cost of a session plus cost of the initial session from 30 different acupuncture clinics across the United States. For the hospitalization cost, the model assumed that the patient incurred 10% of the total cost. All other costs, including those of laboratory or diagnostic testing, were assumed to be covered by the patient's insurance.
Health-Related Quality of Life
QALDs were estimated for each patient using clinically meaningful outcomes experienced by a patient (such as days affected by UTI symptoms, restricted activity, bed days, or days of acupuncture treatment). The values were obtained from the literature [54] . The outcomes of both QALY saved and cost per QALY saved were calculated for each strategy and compared to the no intervention strategy. 
Sensitivity Analyses
One-way sensitivity analyses were performed for each cost, probability, and QALD value to determine the variables influential on the outcomes of interest. Each value was varied over the minimal and maximal values determined from the literature or our surveys of cost. If no minimal and/or maximal value existed, we varied the range from 50% to 200% of the value in the model.
RESULTS
The systematic review of the literature yielded 2673 articles, from which we found 20 articles that were clinical trials of recurrent UTI management that met our criteria, 2 using acupuncture prophylaxis, 4 using cranberry prophylaxis, 5 using estrogen prophylaxis, 6 using antibiotic (nitrofurantoin, the most commonly studied agent) prophylaxis, and 3 using selftreatment) (Figure 2 ). Probabilities and costs and the associated ranges are summarized in Tables 1 and 2 , respectively.
Payer Perspective Model
In our payer perspective model, patients in the no intervention cohort experienced 3.0 UTIs/year with a mean annual payer cost of $771 ( Figure 3 ). All prevention strategies resulted in a reduction in UTI rate. Daily antibiotic prophylaxis was most effective at UTI reduction, with a UTI rate of 0.4/year. However, daily antibiotic prophylaxis was the most expensive intervention, with a mean annual payer cost of $821. Symptomatic selftreatment did not reduce the number of UTIs/year, which remained at 3.0 UTIs/year, but the mean annual payer cost was $350.
All other prophylaxis strategies reduced UTI rates, ranging from 0.7 UTIs/year for acupuncture to 1.1 UTIs/year for estrogen and cranberry prophylaxis ( Figure 3 ). All other prophylaxis Figure 2 . Study selection process and reasons for exclusion of references. In cases where articles fell into >1 category, the primary reason for exclusion is noted. Abbreviations: rUTI, recurrent urinary tract infection; TMP-SMX, trimethoprim-sulfamethoxazole; UTI, urinary tract infection. strategies resulted in a payer cost savings, ranging from $319/ year for estrogen prophylaxis to $502/year for acupuncture prophylaxis. All strategies resulted in a cost savings per QALY gained for the payer except daily antibiotic prophylaxis ($1859 per QALY gained). In the model of patients experiencing 8 UTIs/year, we found similar results except that daily antibiotic prophylaxis now resulted in payer cost savings (Figure 4 ).
Patient Perspective Model
From the patient perspective, symptomatic self-treatment was the only cost-saving strategy, with a mean savings of $70/year ( Figure 3 ; also see online supplementary material). All prophylactic interventions incurred additional costs to the patient, ranging from the least expensive (daily antibiotics), mean of $140/year, to the most expensive (acupuncture), mean of $946/ year. In contrast, patients in the no intervention strategy incurred a mean annual out-of-pocket cost of $139. In terms of cost per QALY gained, self-treatment was the most effective (cost savings of $23 260 per QALY gained). Other interventions incurred cost per QALY gained. The most cost-effective strategy was daily antibiotic prophylaxis ($19 per QALY gained), and the least cost-effective strategy was acupuncture ($35 467 per QALY gained). In the 8 UTI/year model, we had similar findings. However, symptomatic self-treatment, antibiotic prophylaxis, and estrogen prophylaxis all resulted in cost savings to the patient.
Sensitivity Analyses
In our sensitivity analysis, for the payer models, change in daily estrogen cost was the most influential cost variable, resulting in a 30% reduction in overall cost if estrogen cost was $0.14/day or a 2400% increase if the cost was $32/day. Daily antibiotic prophylaxis cost was the next most influential cost variable with a range from a 43% reduction to an 89% increase in overall cost to the prophylaxis strategy. Other costs had lesser effects. In the patient perspective models, daily cranberry prophylaxis cost was the most influential cost variable, resulting in a change from a 64% reduction to a 155% increase in overall patient cost. The costs of acupuncture prophylaxis was the next most influential cost variable to the patient, resulting in change from a 43% reduction to a 79% increase in annual patient cost.
In our sensitivity analyses, we also found that the probability of a UTI occurring was very influential in determining the number of UTIs experienced per year for each prophylaxis strategy. Sensitivity analysis for daily antibiotic prophylaxis resulted in the largest range of UTIs experienced per year of all of the strategies. The range used for daily antibiotic prophylaxis risk reduction was 0.6-1.0, which resulted in a UTI rate ranging from 0.0 to 1.2 UTIs per year. This large range likely reflects the relatively large amount of nitrofurantoin prophylaxis studies in the literature. The probability of pyelonephritis was the most influential probability on overall payer cost, ranging from a 23% reduction to a 346% increase of overall payer cost as the probability in the model ranged from 0.0 to 0.8. To a lesser extent, pyelonephritis probability affected patient costs (5% reduction to a 191% increase in overall costs). The acute UTI cure rate using a fluoroquinolone was the variable most influential on the QALD, with a range of 348-361 QALDs when the cure rate ranged from 90% to 100%.
DISCUSSION
Using a decision analysis model, we examined the comparative effectiveness of 5 management strategies for recurrent UTIs. Among our models of women experiencing 3 UTIs and 8 UTIs per year, all 4 prevention strategies-daily antibiotics, daily estrogen, daily cranberry pills, and monthly acupuncture sessions-resulted in a lower UTI rate. All strategies are also well under the National Institute for Health and Care Excellence (UK) threshold for cost-effectiveness [29] .
Daily antibiotic prophylaxis is the most extensively studied prevention strategy for recurrent UTIs [11, [19] [20] [21] [22] [23] . This strategy was most effective at reducing UTI incidence and was one of the least expensive strategies for the patient. Antibiotic prophylaxis also resulted in cost savings per QALY gained in both models. Thus, antibiotic prophylaxis may provide a reasonable strategy for both payer and patient. It should be noted that the studies of antibiotic UTI prophylaxis examined daily nitrofurantoin (100 mg) use. The benefits of other antibiotics or other dosing regimens are not as well studied.
Somewhat surprisingly, we found that acupuncture was the next most effective prevention method. Acupuncture's high efficacy may be a function of publication bias, as there were fewer studies on acupuncture compared to other management strategies. Although acupuncture prophylaxis is the least expensive strategy from the payer prospective, the cost is borne by the patient, as insurers do typically not cover acupuncture. Acupuncture may not appeal to some patients, and some may have challenges to access this treatment modality.
Daily estrogen use and daily cranberry pills resulted in similar reductions in UTI rate and payer cost per QALY gained. However, payers rarely cover cranberry cost, placing the financial burden on the patient. Additionally, a standardized dosage of cranberry pills to prevent recurrent UTIs is poorly defined [63] . Of note, 2 recent clinical trials found that cranberry prophylaxis was ineffective at reducing subsequent UTIs [64, 65] . However, in both investigations, the study populations were not at high risk for recurrent UTI and had a UTI rate far below that of our prespecified criteria. Additionally, a recent investigation compared cranberry juice to trimethoprimsulfamethoxazole antibiotic prophylaxis [66] . However, we did not include this study in our review, as there was no placebo or comparison with no treatment. Estrogen prophylaxis is limited to postmenopausal women [67] . The optimal delivery method (transdermal, oral, or topical) for UTI prophylaxis is unclear [67, 68] .
We found unique merits to symptomatic self-treatment. This strategy is the most cost-minimizing strategy to both payer and patient. The savings was largely due to decreased physician visits and hospitalizations. However, symptomatic Figure 4 continued. self-treatment does not result in a lower UTI rate and had only modest QALY increases (1.1 QALD in the 3 UTIs model and 2.2 QALDs in the 8 UTIs model). We assume that some women enduring recurrent UTIs may prefer to reduce UTI incidence and may not prefer this strategy.
Our investigation has limitations. The risk reduction values for each strategy are based on published studies. Publication bias may result in overestimates of efficacy. Additional factors such as infection with multidrug-resistant organisms, medication adherence, long-term tolerability, toxicity, and uncommon adverse reactions are not explicitly accounted for in our model. However, in our sensitivity analyses, expensive but rare events had minimal effect on overall cost [30, 32] . Our investigation is also limited by use of generic HRQOL measures [54] . However, disease-specific HRQOL for patients with UTIs do not exist. We did also not examine Lactobacillus as a preventive strategy, as at the time of our investigation there was only 1 investigation that fit our predefined inclusion criteria [69] . A recently published trial comparing proprietary Lactobacillus strains to trimethoprim-sulfamethoxazole suggests that efficacy was similar in the 2 treatment groups [70] . Depending on the cost, this strategy may have similar advantages and disadvantages to cranberry and acupuncture interventions. We did not examine recurrent UTI management strategies in women with less common rates of recurrent UTIs (ie, <3 UTIs/year). It is unknown with currently available data if these management strategies would be beneficial among this population. We also found that our model's findings could be influenced by several variables such as chance of pyelonephritis when a UTI occurs. These variables identified in sensitivity analysis should be the target of further studies. Finally, comparative clinical trials (eg, placebo-controlled trials) are the ideal method for determining efficacy, and some of the trials we used to determine probabilities had methodological limitations (ie, before-after designs).
There are strengths to our investigation. First, our decision analysis utilized multiple and complementary outcomes: efficacy, HRQOL, and cost from the patient and payer perspectives. A second strength is that the data used in our model are based on a systematic literature review. Finally, our investigation provides summary data enabling clinicians and patients to compare strategies and choose a management strategy that most suits their preferred outcome.
In summary, we found that daily antibiotic use is the most effective strategy for prevention of recurrent UTI. Daily cranberry pills, daily estrogen therapy, and monthly acupuncture sessions were also effective at reducing UTI rate. Symptomatic self-treatment was the most favorable strategy in term of cost per QALY gained. Our findings provide clinically meaningful data to guide the physician-patient partnership with determining a preferred method of prevention for this common clinical problem.
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